The term "open abdomen" is used to describe a defect in the abdominal wall that exposes the viscera. There are several challenging clinical scenarios that can necessitate staged abdominal closure or that may result in an open abdomen (►Fig. 1), such as the "damage control" laparotomy commonly implemented in the polytrauma setting, excessive visceral edema as seen in severe abdominal sepsis, following a decompressive laparotomy for management of abdominal compartment syndrome, strategies involving a planned relaparotomy (second-look for intestinal ischemia), as well as staged abdominal wall reconstruction after fascial dehiscence and evisceration. Although plastic surgeons are not typically independently involved in managing intra-abdominal catastrophes, they are frequently asked to perform abdominal wall reconstruction. Thus, it is prudent that the plastic and reconstructive surgeon be familiar with the open abdomen concept and associated pathophysiology so that the eventual reconstruction can be performed in a durable and reliable way, and at the correct time interval.
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The central tenet of open abdomen management is constructing a temporary abdominal closure and maintaining it until definitive abdominal wall reconstruction is performed.
There are several reasons why it may be prudent to stage the abdominal reconstruction with a temporary abdominal closure. For instance, a staged reconstruction allows for small interval increases in tension on the musculofascial abdominal wall until complete closure is achieved. A more gradual closure prevents abdominal compartment syndrome and tensionrelated fascial ischemia, thereby reducing evisceration risk. In other clinical scenarios, it may be beneficial to delay closure to facilitate repeat debridements and irrigations of the intraperitoneal cavity.
Anatomy
The abdominal wall is a layered structure consisting of muscle and fascia. The paired rectus abdominis muscles comprise the central portion, ensheathed in the fascia of the anterior and posterior rectus sheaths. The rectus muscles are flanked on either side by the oblique family of muscles: the external oblique, followed by the internal oblique, followed by the transversus abdominis. Above the arcuate line (approximately at the level of the anterior superior iliac spine), the anterior rectus sheath contains fascial contributions from the external oblique aponeurosis and internal oblique; the posterior rectus sheath consists of the internal oblique, transversus, and transversalis fascia. Recent anatomic and computed tomographic evidence demonstrates that, contrary to the traditional dogma of abdominal wall anatomy, above the arcuate line, transversus muscle fibers are located within the posterior sheath, making the sheath not just a fascial structure.
1 However, the muscle quickly the arcuate line, the posterior sheath is much thinner and less substantial, consisting only of transversalis fascia and occasionally also transversus aponeurosis.
Pathogenesis
The scientific rationale for the creation and maintenance of an open-or temporized-abdomen is centered on the phenomenon of intestinal edema and decreasing the impact of the inflammatory cascade. The intestine is a highly vascularized structure with a rich network of arteries, veins, capillaries, and lymphatic vessels. In pathologic states, such as after abdominal trauma or in abdominal sepsis, a decrease in extracellular fluid clearance can result in swelling of the intestinal wall several times the normal diameter, potentially interfering with bowel perfusion. Multiple inflammatory cells are present within the bowel wall and peritoneal membrane. In the postsurgical abdomen, the trauma abdomen, and in abdominal sepsis, there is a profound local inflammatory response, which quickly progresses to systemic inflammatory response syndrome, which can easily contribute to multiple-organ dysfunction syndrome (MODS). Premature closure of the abdomen can exacerbate the inflammatory response and accelerate these syndromes as well as contribute to abdominal compartment syndrome. 2 Utilizing the open abdomen technique is associated with survival rates up to 80% after abdominal trauma, severe intra-abdominal sepsis, and acute evisceration.
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There are numerous physiologic changes that accompany an open abdomen. These changes are not insignificant and can contribute to substantial morbidity; however, the potential for morbidity of a temporized open abdomen is outweighed by the possible complications that could ensue, should the abdomen be closed prematurely. 
Fluid Balance

Maintenance of Normothermia
The large cutaneous defect, oftentimes present with an open abdomen, impairs the body's thermoregulatory system. Peritoneal fluid loss exacerbates heat loss through convection. Frequent temperature monitoring, forced air warming blankets, and a warmed room are all techniques that can be used to counteract this effect.
Protein Loss
Peritoneal fluid is protein-rich with 2 g protein/L. 7 This must be replaced through diet or enteral feeds to maintain nitrogen balance.
Fistula
As would be expected in the open abdomen, the bowel is at risk for injury. Patients with a fresh bowel anastomosis are at greatest risk. 8 When utilizing the open abdomen technique, whenever possible, the viscera should be covered by the omentum for an additional layer of protection.
Loss of Domain
The creation of an open abdomen places the patient at risk for losing abdominal domain as the musculofascial abdominal wall retracts laterally over time. Methods of temporary abdominal closure are designed to prevent this situation by keeping the fascia as medial as possible.
Clinical Scenarios Associated with the Open Abdomen
Although it is most commonly the decision of the general or trauma surgeon, it is helpful for the plastic surgeon to understand the factors that are utilized in deciding whether or not a patient should be managed with an open abdomen. 
Abdominal Compartment Syndrome
Abdominal compartment syndrome is a syndrome of uncontrolled intra-abdominal hypertension. Any factor that raises intra-abdominal pressure can contribute to abdominal compartment syndrome, including free blood and clots, bowel edema, vascular congestion, excessive crystalloid resuscitation, intraperitoneal packing, nonsurgical bleeding, acidosis, hypothermia, and postoperative ileus. Normal intra-abdominal pressure is 0 to 5 mm Hg and can easily be quantified by measuring bladder pressure. Abdominal compartment syndrome is defined as a bladder pressure of > 20 mm Hg with dysfunction of at least one major organ system. Once diagnosed, emergent abdominal decompression is indicated.
Patients with acutely increased intra-abdominal pressures (> 25 mm Hg) without acute organ dysfunction should be considered for prophylactic decompression. Patients at high risk for development of abdominal compartment syndrome include those requiring > 15 L crystalloid or 10 units of packed red blood cells and patients with increased peak inspiratory pressures (> 40 mm Hg) upon fascial closure. 3 In abdominal compartment syndrome, organ function typically returns to normal after decompression, but a mortality rate of 50% has been recorded, secondary to ongoing MODS.
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Planned Relaparotomy
Adequate management of intestinal ischemia can potentially require repeat bowel resections, thus necessitating a temporary abdominal closure. Severe abdominal sepsis is managed in a similar way, necessitating repeated debridements and irrigations until local control is achieved.
Acute Postoperative Evisceration
Fascial dehiscence in the acute or subacute postoperative period can result in evisceration. This can occur due to intraabdominal sepsis or due to technical or mechanical factors. Given that evisceration often occurs during the inflammatory stage of wound healing, visceral edema and friable, inflamed abdominal wall soft tissue may preclude immediate fascial reapproximation.
Imaging
Computed tomographic imaging of the abdomen and pelvis are imperative for surgical planning and preoperative evaluation. To effectively visualize the enteral tract as well as perfusion, the scan should be obtained with both oral and intravenous contrast.
Surgical Management
A variety of surgical techniques for temporary abdominal closure are available, ranging from a skin-only closure to the more sophisticated ABThera System (KCI Therapeutics). The ideal temporary closure contains the viscera, minimizes skin maceration and damage to the underlying bowel or fascia, and facilitates durable fascial reapproximation at a later date. Although there are advantages and disadvantages to each technique (►Table 1), the method of temporary abdominal closure is largely dependent upon surgeon preference.
Techniques Graduated Fascial Closure Techniques
In managing an open abdomen, complete primary fascial approximation is typically not possible during the initial hospitalization, nor advisable, due to the oftentimes profound visceral edema and inflamed tissue. Adjunctive maneuvers such as component separation or the use of pedicled thigh flaps are best reserved for the definitive abdominal wall reconstruction after all the visceral edema and soft tissue inflammation have resolved. However, an abdominal closure technique that helps minimize the lateral retraction of the abdominal wall and contains the viscera is imperative. This is most commonly achieved by using an interposition mesh material sutured to the abdominal fascia to bridge the laparotomy defect. These techniques can utilize absorbable synthetic materials such as polyglactin 910 mesh, bioprosthetic mesh such as Strattice (Allergan), Surgimend (Integra LifeSciences Corporation), or nonabsorbable synthetic materials such as the Wittmann Patch (Starsurgical, Inc.), expanded polytetrafluoroethylene, or polypropylene mesh. Initially the mesh material should be loose to allow for visceral edema. As the edema resolves, during serial reexplorations, the mesh is serially excised, plicated, or advanced (Wittmann patch) thus facilitating fascial reapproximation. Typically, the patient is taken to the operating room every 48 hours for repeated washouts, reexplorations, and fascial tightening until the fascia can completely closed. These techniques provide a mechanism to limit or reverse the loss of domain that occurs with an open abdomen. Therefore, graduated fascial closure techniques should be considered when the open abdomen is likely to be prolonged greater than 1 week.
Fascial Approximation Anticipated during Present Hospital Admission
If the possibility of fascial approximation is anticipated during hospital admission, then the abdominal cavity should be managed with a temporary closure to minimize insensible fluid loss, contain and protect the viscera. Wittmann Patch is one useful solution. The patch is sutured to fascial edges on either side of the laparotomy. The patch material has hooks and eyes, similar to Velcro, that facilitate repeated openings and reclosures. Using the Wittmann patch, the rate of primary closure is 78 to 100%. 9 There is a 2% rate of enterocutaneous fistula formation.
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Similarly, the AbThera System, a technology based on negative pressure wound therapy, can be used to contain abdominal contents until definitive closure is possible. Negative pressure for temporary abdominal closure was first described by Barker and colleagues.
11 They described a system in which a fenestrated plastic draped was placed in contact with the viscera, followed by surgical towels and drains; this middle layer was then covered by a bio-occlusive adhesive sheet. The drains were then connected to the wall suction at À150 mm Hg. Using this system, the authors achieved a primary fascial reapproximation rate of 55.4%. The authors describe that within 7 to 10 days the bowel would adhere to the abdominal wall, preventing primary reapproximation. Therefore, if definitive abdominal wall closure could not be achieved within 7 to 10 days, then the bowel should be skin grafted and definitive closure should be planned for 6 to 12 months. There are now several commercially available options for negative pressure management of the open abdomen. The most studied and popular system is the AbThera System (►Fig. 2). The VAC System (KCI Therapeutics) consists of an inner plasticencased sponge designed to be in direct contact with the viscera. The plastic interface protects the bowel, prevents adhesion formation, and is perforated to allow drainage of peritoneal fluid. Next, a macroporous polyurethane sponge is then applied over the inner layer and is in direct contact with the overlying fascia and subcutaneous tissues. Fascial retention sutures can then be placed, if desired, to further medialize the fascial edges.
The entire construct is then covered with an occlusive dressing, and the machine is set to À125 mm Hg (►Fig. 2). The patient is returned to the operative room every 2 to 3 days for irrigation, debridement, negative pressure dressing change, and further fascial medialization. Primary fascial closure rates using this Plastic-encased sponge designed to be placed in contact with the viscera; prevents adhesions; fluid management; temperature control; minimizes visceral edema; high rate of success with primary fascial reapproximation if used in conjunction with fascial retention sutures.
Theoretical potential for massive exsanguination; expensive Fig. 2 Temporary abdominal closure utilizing the AbThera negative pressure system (KCI Therapeutics, San Antonio, TX).
system average 67% 10 but can achieve 100% with the adjunctive use of fascial retention sutures; the fistula rate is 2.9%.
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Delayed Fascial Approximation Anticipated
If primary approximation of the fascia is not anticipated during the current hospital admission, then bridging with a mesh is an excellent technique to provide a closed abdominal cavity and minimize loss of domain. Traditionally, polyglactin 910 mesh has been used in this scenario; however, bioprosthetic mesh is now becoming more popular due to several advantages. Bioprosthetic mesh offers greater tensile strength and structural support for the abdominal wall. It also has the theoretical advantage of serving as the definitive abdominal wall repair: many of the thicker xenogenic matrices (Surgimend, Strattice, Strattice ET, etc) provide enough tensile strength to prevent bulging and hernia formation for a long period of time compared with synthetic absorbable mesh. Booth et al 13 found that at a mean followup of 31 months, 56% of bridged bioprosthetic mesh repairs developed a hernia compared to 8% of primary fascial abdominal closures. In all circumstances, a bridged polyglactin 910 repair will develop into a large ventral hernia with loss of domain, within a period of several months. The mesh is secured to the abdominal wall fascia with interrupted sutures, using either polypropylene or polydioxanone (►Fig. 3). If the skin cannot be closed due to edema or concern for abscess formation, the mesh can be either covered with a moist dressing and changed twice daily, or a wound VAC is applied over the mesh, and changed every other day. The mesh is evaluated for redundancy at each dressing change. Redundancy will develop as the visceral edema decreases. If redundancy is present, a synthetic absorbable mesh can be carefully plicated in the midline, at the bedside, with a running absorbable suture. Unfortunately, bioprosthetic mesh cannot be plicated and therefore must be inset initially with sufficient tension. If the fascial edges can be approximated to within 2 to 4 cm of each other before the formation of granulation tissue overlying the mesh, then the patient is returned to the operating room for delayed primary fascial reapproximation. Alternatively, if granulation tissue forms over the mesh before fascial reapproximation is possible, then a skin graft can be applied; this is true for both biologic and synthetic absorbable meshes. Skin graft excision and primary fascial reapproximation can then be planned for 6 to 12 months.
A short course of neuromuscular blockade may decrease fascial edge retraction and be a useful adjunct to negative pressure devices. In one study, 192 open abdomen patients were divided into two groups: one receiving a continuous infusion of a neuromuscular blocker for > 24 hours and one receiving standard care. The patients receiving the neuromuscular blockade were more likely to achieve primary fascial closure by 7 days (93 vs 83%, p < 0.024) and had no increase in pneumonia.
14 Epidural anesthesia has been shown to reduce intra-abdominal pressure and pain control in patients with open abdomen due to abdominal compartment syndrome.
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It is important to understand that the techniques discussed for open abdominal wall management when fascial approximation is anticipated during the current hospitalization, and when fascial approximation is not anticipated, are not mutually exclusive. For instance, in the case of a septic evisceration, the Wittman Patch or AbThera may be used to temporarily contain the abdomen in between washouts. Once the infection is controlled, a bridged mesh may then be placed and the skin may be closed or left open. Definitive reconstruction might be performed several months later after the visceral edema subsides, performing a component separation to achieve fascial approximation.
Outcomes
Once the indication for open abdomen has resolved, a delayed primary abdominal wall reconstruction should be performed as soon as possible. Delayed primary closure of the abdominal wall is most possible if performed within 8 days of initial open abdomen. 16, 17 A recent study of the damage control population demonstrated that delayed primary abdominal closure is only possible in 65% of patients. 10 If negative pressure temporary closure is combined with fascial retention sutures, a 100% primary repair rate can be achieved. 12 In situations where delayed primary abdominal closure cannot be obtained, a bridged biologic or synthetic absorbable mesh repair is performed, followed by skin grafting over the mesh once granulation tissue has formed. This controlled ventral hernia is then repaired 6 to 12 months later. 18 In certain clinical scenarios, the iatrogenic creation of a ventral hernia is not in the patient's best interest. For instance, in the oncologic population, a durable soft tissue reconstruction must be established expeditiously so that the patient can proceed with adjuvant radiation and chemotherapy. In these situations, adjunctive abdominal wall reconstruction techniques can oftentimes be used to achieve primary fascial reapproximation in the acute setting. These techniques are outside the scope of this article and include component separation, the use of inlay mesh, and various autologous flaps.
Conclusion
Key to the successful management of the open abdomen is the creation of a temporary abdominal closure. This will minimize many of the detrimental pathophysiologic events associated with a prolonged open peritoneal cavity, such as fluid loss, hypothermia, and loss of domain. Most openabdomen patients will tolerate a graduated fascial closure over the course of their hospitalization. If fascial reapproximation is not possible during the admission, then either a delayed closure approach is used (bridging mesh and skin grafting followed by abdominal wall reconstruction at a later date) or an immediate abdominal wall reconstruction technique (component separation, flap) employed to allow for expedient closure.
